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ABSTRACT

Previous investigations concerned with artificially
sedimented soils and a review of the literature on soil
structure are summarized.

These studies show that many

of the physical properties of a soil depend upon its
structure and that the structure of a sedimented soil
depends principally upon the salt content of the pore
water.

In addition, artificially sedimented soils have

been shown to have a "natural" soil structure.

An apparatus was developed which will automatically
sediment soils in water of controlled salt content.

To

determine whether or not the apparatus was able to sediment
uniform and homogeneous soil samples, moisture content
determinations, visual inspections, and hydrometer analyses
were conducted.

It was concluded from these tests that

the artificial sedimentation apparatus developed in this
study provides a feasible means of preparing "natural" soil
samples in the laboratory.
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I.
A.

INTRODUCTION

General
Virtually all research on the physical properties of

cohesive soils has utilized either "undisturbed" samples of
natural soil or remolded samples prepared in the laboratory.
To best study the physical properties of a soil, one should
ideally use a natural soil sample.

Such a sample would have

all the properties which result from nature's process of
forming a soil, but using natural samples poses several
problems.

Research requires the use of large numbers of

identical samples with controlled properties, and soils that
are sedimented in nature have varying characteristics which
cause their properties to be extremely difficult to predict.
Natural soils develop horizontal layers and planes of weakness causing different physical behavior from the same soil
sampled just a few feet away.

Even when it is possible to

obtain several identical samples from the field, reconsolidation in the laboratory may destroy those properties resulting
from nature's soil forming process and eliminate the main
advantage of using natural

samples~

For this reason most

researchers have used large batches of thoroughly remolded
soils in order to obtain large numbers of identical test
specimens.

The most comprehensive series of tests on remolded

cohesive soils were carried out by Henkel {1960) at Imperial
College, London, d.r14 a much better understanding of the
physical properties,of cohesive soils resulted.

But
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remolding a soil destroys its natural structure and before
the effect of this structure change can be comprehensively
studied, a means of preparing soil samples in the laboratory
which is similar to the natural process of sedimentation is
required.

Naturally sedimented soils have varying character-

istics because the conditions under which they are formed are
constantly changing, while the artificial sedimentation process
will allow the samples to be formed under controlled conditions
thereby providing large numbers of identical samples.
According to Henkel (1956, p. 139), "In order to obtain
a normally consolidated clay in the laboratory the samples
should ideally be prepared from a suspension or at least
consolidated from a water content close to the liquid limit,"
The purpose of this research project is to develop an
apparatus which will "ideally" prepare samples by sedimenting
soil from,a suspensiona also, the apparatus, in order to be
useful as a research tool, should be capable of producing
large numbers of identical samples with controllable
properties.
Previous researchers using sedimented soil samples have
had difficulty forming homogeneous samples due to segregation
of the silt and clay fractions.

The problem has been avoided

by using only the finer-than-two-micron fraction and sedimenting in water in which the salt concentration is high
enough to cause immediate flocculation (Olson, 1962), or
using as high a water content as possible but still low enough
to prevent segregation from occurring (Rezvan, 1969).

The

apparatus developed in this research project will sediment
a homogeneous sample from a soil with a wide range of
particle sizes without resorting to the methods used by
Olson or Rezvan.

This is accomplished by injecting a metered

amount of soil-water slurry into a sedimentation cylinder at
fixed intervals of time.

After the smallest particle has had

sufficient time to reach bottom, all sizes of soil particles
will be settling out together forming a reasonably homogeneous
sample.

The whole operation is automatic and works on a

continuous basis.

It also reasonably reproduces the natural

sedimentation process.

B.

Outline of Research
The research program was carried out in six steps:
1.

A review of the existing literature on both the
structure of sedimented soils and the work done
with sedimented soils was undertaken to act as
a guide in the development of an artificial
sedimentation apparatus.

2.

The artificial sedimentation apparatus was
designed and constructed.

J,

Two soil types, a loessial silt and a kaolin clay,
were obtained and tests were carried out to determine
the physical properties of each.

4.

A mixture of the two soils, with a range of
particle sizes from silt to colloids, was used
to make the samples in the sedimentation apparatus.

4

5.

Tests were conducted to determine the homogeneity
of the sedimented samples and to measure the
ability of the apparatus to repeatedly form
identical samples.

6.

The results were analyzed, conclusions drawn,
and recommendations given.
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II.
A.

REVIEW OF LITERATURE

Theory of Clay Structure
Before an apparatus to sediment clay samples could be

designed, an understanding of clay-water systems and clay
structure was necessary to predict the type of sample the
apparatus would produce.

A review of the literature on the

mechanical properties of cohesive soils was therefore undertaken.
Karl Terzaghi (1925) in his famous book Erdbaumechanik
auf Bodenphysikalischer Grundlage discusses soil structure
and interparticle bonds in cohesive soils.

He was the first

to suggest that clay soils developed an adhesion between
individual particles.

This bond causes the particles to

stick together with enough force to form a honeycomb structure witn pores greater than the largest grains.
Fig. 1).

(See

Terzaghi's theory of clay structure, which is

remarkably similar to today's modern theories, accounted for
the comparatively high water contents found in clay soils.
In 1932, Arthur Casagrande presented a theory of
honeycomb structure very similar to that of Terzaghi
(Casagrande, 1932).
The most widely accepted theory of clay structure
today is best presented by Lambe (1953) in a paper concerning
the "Structure of Inorganic Soils."

He held that the mineral

arrangement in sedimented clays is principally dependent upon
the crystal chemistry of the mineral phase and the electrolyte

6

Fig. 1.

The honeycomb structure (Terzaghi 1925)
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concentration of the liquid phase.

For clays sedimented in

salt water an open random cardhouse structure results,
whereas in freshwater sediments the structure is somewhat
denser and more oriented, and in totally remolded clays the
flakes tend to orient in a parallel manner.

(See Fig. 2).

At the time Lambe proposed his theory on clay structure,
there was no direct means of proof, but now by means of
electron microscopy it has been observed that the mineral
arrangement of sedimented clay soils corresponds closely to
the structure he suggested (Mitchell, 1956; Lambe, 1958;
Rosenqvist, 1959).
This brief summary of clay structure clarifies the
physical arrangement of soil particles and the differences
that are likely to result from sedimentation of soil in
water of varying salt content.

B.

Studies with Artificially Sedimented Soils
Previous research with artificially sedimented soils

has been limited because of the difficulty in obtaining
homogeneous samples and the time required to sediment soils
artificially.

Only two studies using artificially sedimented

soils have been reported in the literature.
Bjerrum and Rosenqvist (1956) conducted experiments
with artificially sedimented clays at the Norwegian
Geotechnical Institute in 1953.

Twelve samples were

produced in the laboratory by sedimentation in thick walled
glass cylinders 13 centimeters in diameter and 50 centimeters

8
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The structure of inorganic soil (Lambe 1953)
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high.

Before sedimentation was started the cylinders were

filled with salt water at approximately the salt concentration found in the Atlantic Ocean, 35 grams per liter NaCl.
A soil-water slurry was prepared to the consistency of a
heavy oil, and 20 grams of the slurry were poured into each
of the sedimentation cylinders every morning and evening
until samples of sufficient solids content were sedimented.
It was found that flocculation occurred quickly enough to
cause the silt and clay to settle together to form a
homogeneous nonlayered sample •. In this manner it was
possible to produce in the laboratory artificially sedimented
clays which were very similar to natural clays.
Bjerrum and Rosenqvist also attempted to sediment soil
samples in fresh water, but flocculation did not take place.
This resulted in layering of the silt and clay-sized
particles.

Layering occurs because soil particles settle

from a suspension according to Stokes• Law which gives a
relationship between velocity of fall through fluid, diameter
of sphere, unit weight of solid sphere, and the unit weight
and absolute viscosity of the suspending fluid.

If it is

assumed that all soil particles are perfect spheres and have
the same specific gravity, then the velocity of sedimentation depends upon the square of the diameter of the particles.
To prevent layering, the soil was mixed with water to as
high a water content as possible but still thick enough to
prevent segregation of the silt and clay.

The slurry was

then poured into an empty cylinder and a vacuum applied to

10

remove air bubbles.

The samples were thereafter treated the

same as the sedimented samples.
The only other study using artificially sedimented
soil samples was conducted by Roy Olson at the University
of Illinois.

He used several types of clay to prepare

sedimented samples but only the finer-than-two-micron
fraction was used.

By using only the finer fractions of

the clay and establishing a pore-water salt concentration
high enough to cause immediate flocculation, the problem
of segregation or layering was avoided.

Other than the

method of soil preparation, the samples sedimented by Olson
were prepared in a very similar manner to those sedimented
by Bjerrum and Rosenqvist (Olson, 1962; Olson and Mitronovas,
1962; Olson, 1963; Olson and Hardin, 1963).

11
III.

A.

APPARATUS, MATERIAL AND PROCEDURE

Design and Function of Artificial Sedimentation Apparatus
1.

History

There appears to be no record of a successfully built
mechanical sedimentation apparatus that simulates the sedimentation processes of nature.

The idea to build such an

apparatus at the University of Missouri-Rolla was conceived
by Dr. Norbert

o.

Schmidt.

He started Trexler (1969)

working on the apparatus during the summer of 1969 as a
project for the National Science Foundation's Undergraduate
Research Program.

Trexler built a working apparatus that

would sediment soils for a short time, but a complete sample
was never sedimented,

The apparatus worked for only three

to five hours before the valve that injected slurry into
the sedimentation cylinder clogged with clay and ceased
operating.

The summer research program ended before the

problem could be solved.

This research program continues

the project.
2.

Function and theory of operation

The function of the apparatus developed in this
research program is to deliver a soil-water slurry to a
sedimentation cylinder in such a manner that a homogeneous
sample results.

The slurry, which is kept continuously

stirred and homogeneous, is automatically injected into
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the sedimentation cylinder at fixed time intervals.

The

operation continues until.a sample of sufficient solids
content has been formed.
Theoretically, a homogeneous sample will result when
the time interval between slurry injections is infinitely
small and the soil particles are .inje.cted individually and
at random.

In an effort to approach this ideal, both the

amount of slurry injected into the sedimentation cylinder
and the time interval between injections were kept as small
as possible.

The lower limit on the quantity of slurry

which could be injected was determined by the amount required
to produce efficient flow through the injection tube.

It

was found that one cubic centimeter of slurry injected at
four minute time intervals resulted in both efficient
operation of the injection process and reasonably homogeneous
samples.

This rate of slurry injection caused the fluid

within the sedimentation cylinder to rise toward the overflow
at an average velocity of 10 centimeters every 6.67 hours.
Since a soil particle 2.2 microns in diameter falls approximately 10 centimeters in this amount of time, any soil
particles smaller than 2.2 microns will stay in suspension
and be removed from the cylinder through the overflow.

It

was possible to sediment soil particles smaller than this
because the smaller particles would floc into masses large
enough to settle out of suspension.
Previous attempts to sediment soils.in fresh water
resulted in layering of the silt and clay particles because
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the slurry was added to the sedimentation cylinder in large
batches at twelve hour time intervals
Rosenqvist, 1956).

(Bjerrum and

Since soil particles settle from suspen-

sion according to Stokes' Law, layering of the silt and
clay-sized particles is inevitable when the large time
interval between additions of slurry allows a majority of
the soil

~articles

to settle from suspension before more

slurry is added,
The apparatus was

desi~ed

to inject the slurry at

frequent enough tiae intervals to prevent layering.

The

short time intervals between injections did not allow the
fine particles from the previous injection to settle out

before coarse particles from the next injection began to
reach bottom.

The overlapping of settling particles from

individual injections was so complete that layering was
virtually eliminated and a homogeneous sediment was produced.

A photograph of the artificial sedimentation apparatus
General description

developed in this research is shown in Fig. 3.

The appa-

ratus is capable of sedimenting four samples simultaneously,
However, it could easily be modified to sediment a greater
or lesser number.

It consists of a slurry reservoir, four

sedimentation cylinders, a pump for delivering the soil-water
slurry to the cylinders, four solenoid operated valves that
inject the slurry into the cylinders, and the control
circuitry for operating the injection valves.

A simplified
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block diagram displaying the interrelationship of the
various components is shown in Fig. 4.

4.

Specific description
a.

Slurry reservoir

The slurry reservoir is constructed of clear plexiglass
and measures 9 inches by 14 inches by 7 inches deep.

It

contains about fifteen liters of soil-water slurry when
full.

Several precautions have been incorporated into the

design of the reservoir to insure that it will supply a
homogeneous and uniform slurry throughout the sedimentation
process.

Two pulley ope.rated stirrers, driven by a one-

third horsepower electric motor, continuously agitate the
mixture so that it remains as homogeneous as possible.

The

reservoir is made large enough to handle twice as much
slurry, at a soil to water ratio of one to ten, than is
required to sediment four samples.

The use of an oversupply

of slurry lessens the possibility of changing the particle
size distribution within the sample by removing more of one
size particle than another from the reservoir.

In addition,

the tube through which the slurry is removed from the
reservoir is in a fixed position to insure repeatability in
sedimenting samples.
b,

Slurry pum_p

A peristaltic action tubing-type pump powered by a
variable speed, high torque gearmotor is used to deliver the
slurry to the sedimentation cylinders.

The pump is equipped

SEDIMENTATION
,_--CYLINDERS
INJECTION
---VALVES
LINE CIRCULATING
SLURRY

~

t
SLURRY
PUMP

IMPULSE
TIMER

Fig. 4.

---

1

SLURRY
RESERVOIR

DIGITAL I I
TIMER
J-1

POWER
SOURCE

Simplified block diagram of artificial sedimentation apparatus
I-'
0\
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with a solid state electronic speed controller which
accurately maintains a constant flow rate by automatically
compensating for changes in torque or system pressure.

It

can provide flow rates from a minimum of 48 milliliters
per minute to a maximum of 960 milliliters per minute.
Since the flow rate can be precisely established, the
quantity of slurry injected into the sedimentation cylinder
can be accurately metered.

Details concerning the pump and

its operation are given by Trexler (1969).
c.

Slurry injection valves

The slurry injection valves are solenoid operated
levers which squeeze and release flexible tubing thereby
diverting_the circulating slurry into the sedimentation
cylinders.

A view of one valve is shown in Fig. 5.

A

plastic tee connects the line circulating the slurry to the
sedimentation cylinder.

To prevent undesirable sedimenta-

tion within the injection tube leading into the cylinder,
the tube is kept as short as physically possible.

The lever

is pivoted at its center and the injection tube is squeezed
shut under one end of the lever by spring tension while the
tube circulating the slurry passes under the raised end.
At fixed time intervals, the control circuitry actuates a
solenoid which pulls downward on the raised end of the lever.
This squeezes shut the tube circulating the slurry and
releases the injection tube thereby diverting the slurry
into

th~ sedimentat~on

cylinder.

When the electrical signal

to the solenoid is switched off, the spring returns the

lB
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lever to its normal position and the slurry circulates back
to the reservoir.
d.

Control circuitry

The control circuitry for the slurry injection valves
is made entirely of solid state electronic components.

It

was designed for the artificial sedimentation apparatus by
Mr. Daniel Thomure, laboratory manager for the Civil
Engineering Department at the University of Missouri-Rolla.
A schematic diagram and parts list for the control circuitry
are kept on file in the Civil Engineering Department at
Rolla (Thomure, 1971).
The control system consists of two electronic timers.
The first is a digital timer that allows the time interval
between slurry injections to be varied.
one-tenth secend to ten minutes.

It has a range of

The second unit is

descriptively named "impulse controller."

After receiving

a signal from the digital timer, it switches on the slurry
injection valves one after the other until all four have
operated.

Each valve injects a metered amount of slurry

and returns to its normal position before the next valve is
switched on.

In addition, the "impulse controller" allows

the duration of the injection to be varied.

Each of the

four valves has an independent regulator that can be set
for any.injection duration ranging from zero to three
seconds,

Since the slurry pump is capable of maintaining

a constant flow rate, the quantity of slurry injected into
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the sedimentation cylinder is accurately metered by
regulating the duration of the injection.
e.

Sedimentation cylinder

Four sedimentation cylinders, twenty-nine inches long,
were constructed .of clear plexiglass.

The cylinders not

only receive the injected slurry but serve as one dimensional
consolidometers in which the sediment is consolidated to a
consistancy which is stiff enough to allow the samples to
withstand extrusion and careful handling without significant
disturbance.

For the soil used in this research, a loose

sediment twenty-three inches deep was required to produce a
consolidated sample

4i

inches in length.

The cylinders are

lengthened modifications of the ones used by Olson in his
work with sedimented soils (Olson, 1962; Olson and Mitronovas,
1962; Olson, 196JJ Olson and Hardin, l96J).

Except for their

length, an increase in wall thickness of one-eighth inch,
and the addition of a small detachable cylinder to fit atop
the main cylinder, they are identical to the cylinders used
by Olson.

It is through the small cylinder that the slurry

is injected.

The inlet for slurry injection is near the

bottom of the small cylinder and an overflow tube is near
the top.

Before the sediment can be consolidated within

the main cylinder, the small cylinder must be removed.

A

photograph of one of the sedimentation cylinders is shown
completely disassembled in Fig. 6.

All four cylinders

assembled and connected to the sedimentation apparatus are
shown in Fig. J.
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B.

The Soil Used in Sedimenting Samples
A silt-clay mixture was chosen for use in the artificial

sedimentation apparatus because it would accentuate any
flaws in the ability of the apparatus to sediment homogeneous
samples.

Since the clay was white and the silt was gray, it

was possible to visually detect any nonuniformity within the
sample.
The clay was purchased from the Georgia Kaolin Company.
It is a selectively-mined, water washed kaolin.

The

Atterberg limits were determined according to the Army Soils
Testing Manual (1970), and these values, along with other
physical properties of the clay, are reported in Table I.
The particle size distribution curve of the clay is shown
in Fig. 7, and the position of the clay on Casagrande's
modified plasticity chart is indicated in Fig. 8.
The silt was obtained by fractional sedimentation of
natural loess taken from a loess bluff located in the
Pleasant Grove School Section (cent. SEi sec. 20, T. ) N.,
R. 8

w.,

Madison County, Illinois).

The soil taken from

the bluff was a Roxana loess deposited during Wisconsin
glaciation.

This was an excellent source of silt since

ninety percent of the loess was found to be silt-sized.
The loess was washed of its clay-sized particles.
one-hundred pounds of loess were placed in a small watering
tank and the tank was then filled with a one percent
solution of calgon in tap water to prevent flocculation.
The loess was stirred briskly for a minimum of five minutes

2J

TABLE I.

Physical Properties of the
Soils used in Research

Clay

Silt-Clay Mixture

Liquid Limit

69

38

Plastic Limit

37

2.5

Plasticity Index

32

13

Specific Gravity

2.6

2.6.5

Percent finer than
two microns
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3.5
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Grain size distribution curves for
the soils used in the research

0,001

25

60

v

~

.
><
f:lz

CH
40

v

H

)-I

....

8

H
0
H

8

rn

j

CL

20

Pot

v

0

20

v
fi

vOL

./

Silt

/
~d

~0 Clay

~·

OH and MH
( lay lV ixtur e

ar dML
40

60

LIQUID LIMIT,

Fig. 8.

/

v

80

%

Positions of soils used in research on
plasticity chart

100

26
to achieve complete particle separation,

After most of

the silt sized particles had settled from suspension, the
water was siphoned off carrying most of the clay with it.
This process was repeated several times and with each washing
a hydrometer analysis was conducted to monitor the progress
of clay removal.

The washings were terminated when the

hydrometer analysis indicated less than one percent claysized particles remaining.

The sediment was then removed

from the tank, air dried, and sieved through a No. 200 sieve,
and the portion retained on this sieve was discarded.

The

particle size distribution of the resulting silt is shown in
Fig. 1.

c.

The specific gravity of the silt was found to be

Preparation of Soil Sample by Artificial Sedimentation
1.

Preparation of apparatus

Before the soil slurry was prepared the apparatus was
assembled as followss

The sedimentation cylinders were

completely taken apart and cleaned.

Filter paper was cut

to size and placed on the porous stone in the base plate
of each sedimentation cylinder.

Water was then poured on

the filter paper to saturate the stone and drainage line.
The drainage line was closed when all the air had been
forced out.

Next, a thin coat of inert silicone oil was

applied to the inside of the main sedimentation cylinder
to prevent soil from adhering to the cylinder walls.
i'

cylinders were then assembled and connected to the

The
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apparatus as shown in Fig. 3·

The cylinders were filled to

the overflow tube with either distilled water or salt water,
depending on the type of sample to be sedimented.

They were

filled by gravity flow through the drainage lines in the
base plates.

Filling in this way prevented air bubbles from

accumulating on the walls of the cylinder, as occurred when
the water was poured into the top of the cylinders.

The

final step in preparing the apparatus was to connect the
slurry intake and return tube to the slurry reservoir and
to fill the reservoir with slurry.

2.

Preparation of soil slurry

The soil slurry was prepared using a mixture of fifty
percent of the washed silt and fifty percent kaolin clay.
The particle size distribution chart, shown in Fig. 7,
shows that 64 percent of the resulting mixture was silt
size and 36 percent was finer than two

microns~

The high

percentage of silt particles both speeds consolidation and
facilitates the detection of nonuniform samples.

The

detection of nonuniform samples was further enhanced by the
color difference between the silt and clay.

Since the silt

is gray and the kaolin clay is white, any nonuniformity
was easily seen.
Six-hundred grams of silt were dry mixed with the same
amount of clay by shaking the mixture in a closed container.
A portion of the mixture was placed in a mixing cup and a
meaaure4 amouat of listilled water was added to form a
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slurry.

This slurry was whipped with a soil dispersion

mixer for a minimum of two minutes and then transferred to
the slurry reservoir where twin stirrers kept the slurry
reasonably homogeneous.

The procedure was repeated until

all of the silt-clay mixture, had been whipped into a slurry
and transferred to the reserve ire'

Finally,. sufficient

water was added to the slurry to attain a soil to water
ratio of one to ten.

The apparatus was then started and

sedimentation allowed to take place.
).

Consolidation and trimming of soil sample

The fresh sediment was consolidated in the sedimentation
cylinders as shown in Fig. 9.

The consolidation load was

applied by a piston and rod loaded with weights.

A porous

stone in the piston along with one in the ·base allowed
drainage through both.the top and bottom of the sample.
Preliminary testing found that 100 percent consolidation,
as determined by the c.aaagrande construction, occurred in
sixty hours under a loading of one kilogram per square
centimeter.
The completed sample was
center three inches were used.

4i

inches high, but only the
It was necessary to discard

each end of the sample since the bottom portion contained
mostly silt and the top contained mostly clay.

Hydrometer

analyses showed the three inch center portion to be reasonably
homogeneous with negligible sagre.gation . of the silt and
clar-size4 particles.

Neitber the consolidation nor the

)0

trimming of the soil sample was unique to this research
and complete details on the procedure can be found in the
work of Rezvan (1969).

Jl
IV,
A.

RESULTS AND DISCUSSION

Variation of Moisture Content
As the major objective of this research project was to

develop an apparatus that simulates nature's sedimentation
process, only test data concerning the uniformity and
homogeneity of the sedimented samples was obtained.

The

object of the testing program was to determine whether or
not the apparatus could sediment identical samples time
after time.

As previously explained, the apparatus must be

able to reproduce a large number of identical samples before
it can be of use as a research tool.

By continuously

operating the apparatus, it was possible to sediment
thirty-two samples over a period of eight weeks.

Each

sample was checked for its individual homogeneity and its
likeness to other samples.
The first method used to test the homogeneity of
individual soil samples was moisture content determinations.
Franke (1969) has shown that it is normal for the moisture
content to increase with depth in a sedimented soil sample.
The moisture content distribution in a typical sample
produced by use of the sedimentation apparatus is shown in
Fig. 10.

The consolidation load is applied to the top of

the sediment by means of a piston.

Since friction between

the soil and the wall of the cylinder carries an increasing
portion of this load with depth, the stresses in the sediment
caused by the consolidation load will decrease with depth.
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This results in higher void ratios with depth and therefore
higher moisture contents,

The variation in moisture content

with depth poses no problem since it can be eliminated by
consolidating the sample further in a triaxial cell,

B.

Particle Size Distribution
1.

Visual inspection

The use of a dark colored silt and a white clay in the
silt-clay mixture made it possible to visually detect
segregation which took place within the samples,

Every

sample was visually inspected for segregation while it was
being sliced for moisture content determination.

Virtually

every sample inspected contained from five to twenty small
pockets of silt varying in size to one-eighth inch in
diameter.

The silt pockets appeared to be randomly dis-

tributed throughout the sample.

The transparent sedimenta-

tion cylinders allowed several of the silt pockets which
formed on the outside edge of the sample to be observed
throughout the process of their formation,

The silt pockets

were forming during the sedimentation process two to three
inches below the surface of the fresh sediment in areas that
previously appeared to be entirely homogeneous.
The formation of the silt pockets began with the
appearance of a small "pipe" along the wall of the
sedimentation cylinder.

At first the pipe was barely

visible but it enlarged with time until it was one to two
millimeters in width.

It extended from where the silt
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pocket formed to the surface of the sediment.

Small floes

of clay were seen to flow upward through the pipe and onto
the surface of the sediment.

The upward flow and consequent

erosion is the agent·by which the pipe enlarged.

As the

pipe enlarged, silt particles around the walls of the pipe

became dislodged and settled to the bottom of the pipe
forming a pocket of silt.

As the sediment continued to

build up within the cylinder, the pipe eventually closed and
the accumulation of silt at its base ceased.

The process

usually repeated itself at a higher point within the sediment.

Silt pockets formed in the interior of the sample

could not be observed but were probably formed in a like
manner.
The cause of the pipes and the resultant silt pockets
was not definitely determined, but a hypothesis was
formulated based on the observations made.

The fresh

sediment has a void ratio of approximately ten and is
therefore extremely soft.

The heaviest of the silt particles,

those just passing the No. 200 sieve, do not meet sufficient
resistance upon reaching the sediment to immediately stop
their fall.

The path through the loose sediment left by

the falling silt particle may form the pipe which eventually
leads to the formation of the silt pocket.

Other silt

particles falling through the pipe displace water causing
the flow which carries the small floes of clay upward.
Another factor adding to the upward flow of water is
drainage from the slurry itself as it consolidates under
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an ever increasing weight of sediment.

The pipe offers a

path in which the drainage flow concentrates.

The accumula-

tion of silt at the bottom of the pipe continues until the
soil structure around the pipe collapsed.
Other than the small pockets of silt, no segregation
or other nonunifor.mities were visually detected.

The silt

pockets were never completely eliminated but they were
found to be significantly reduced in both size and number
by sedimenting the samples in water with a high enough salt
concentration to allow flocculation to take place.

Apparently

the greater strength of the flocculated soil structure did
not allow the "pipes" to form within the sediment as freely
as they occurred when sedimentation took place in distilled
water.

2.

Hydrometer analyses

Once the injection setting which resulted in both
efficient operation of the injection process and production
of homogeneous samples was found, hydrometer analyses were
also performed on each sample.

The hydrometer analyses

provided a means of quantitatively measuring the differences
in the particle size distribution from one sample to another
and from top to bottom of each individual sample.

The

particle size distribution curves for every sample checked
were found to fall between the limits shown in Fig. 11.

It

is apparent from the curves that there is no significant
difference in the particle size distribution from one sample

36

100

.......
........

E-t

a

80

~
~

~
~

t=Q

60

""

p:::

~
H

1%..
E-t

zr.LI

"""'
1'\

~

H

40

.... .....
.... ~

~
~

~

........

~ .......

..........

............

......... ....... ............... I"--

-............

0

p:::

~

re

20

0
0.1

o.o.s

o.o1

o.oo.s

PARTICLE SIZE IN MILLIMETERS

Fig. 11.

Limits established from the particle
size distribution data
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to another.

The limits were established from a total of

twenty-four hydrometer analyses conducted on twelve separate
samples.
The particle separation which occurred within each
sample was evaluated by dividing each sample in half and
performing a separate hydrometer analysis on the top and
bottom portion,

The segregation of silt and clay-sized

particles was judged to be negligible in every sample
tested, despite the fact that many of the samples had
several pockets of silt scattered throughout the

specimen~

A pair of particle size distribution curves showing the
particle separation in a typical sample are shown in Fig, 12.
The presence or absence of the silt pockets was found to
have no effect on the particle size distribution curves,
This was expected because the silt pockets formed in
localized areas while the hydrometer analyses gave the
particle size distribution of the entire upper or lower
half of the specimen.

Since the silt pockets formed randomly

throughout the specimen, only the extreme upper and lower
portion of the sample would have a net change in the particle
size distribution and, as explained earlier, these portions
were discarded before the hydrometer analyses were conducted.
Had any segregation occurred causing a net change in particle
size distribution between the top and bottom portion of the
soil sample, the hydrometer analyses would have detected it,
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c.

Statistical Analysis
A statistical analysis of the numerical data obtained

from the hydrometer analyses was used to measure the
variability within and among the samples.

There were

twelve samples used in the study and a hydrometer analysis
was performed on the top and bottom half of each

sample~

To study the variability within and among the samples, it
was necessary to pick a common point along each particle
size distribution curve and to record the particle size at
that

This particle size was then compared with those

point~

taken

~rom

corresponding points from each of the other

The n80 and the n50 particle sizes were recorded
from each of the twenty-four particle size distribution
curves.

curves, where

n80

is the soil diameter at which eighty

percent of the soil weight is finer and

n50

sponding value at fifty percent finer.

The n80 and the n50

is the corre-

particle sizes were chosen because they occurred at approximately one-third points along the curves.
The statistical methods used in this study measure
the central tendency and dispersion of the data.

The most

common measure of central tendency is the arithmetic
average or "mean."

The mean is computed by summing the

individual observations and dividing by the total number
of observations.

The dispersion of the data about the

mean was measured using the "variance," the "standard
deviation," and the "coefficient of variation."

The

varian·ce is. the sum c;,f the squares of deviations of the
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individual observations from the mean divided by one less
than the total number of observations, while the standard
deviation is defined as the positive square root of the
variance.

The coefficient of variation is the standard

deviation expressed as a percentage of the mean.

Since

the coefficient of variation is expressed as a percentage,
it allows the degree of variation between samples having
different means ·to be compared.

The statistical data

obtained from these methods is listed in Table II.

The

coefficient of variation occurred at the n50 particle
size and was found to be 17.3 percent. This represents a

~aximum

~tandard

deviation of only 1.07 microns from a mean particle

size of 6.2 microns.

Based upon the statistical data, the

ability of the apparatus to repeatedly sediment like samples
is judged as adequate.
The statistical tests chosen to measure the variability
between the top and bottom halves of the twelve samples
were the paired t test and the F test.

The paired t test

was chosen because the hydrometer analyses produced paired
observations, one from the top half of each sample and one
from the bottom half.

The purpose is to test the hypothesis

that the mean of the differences between the chosen particle
size from the top half of each sample and the corresponding
value from the bottom half is equal to zero.

The t test was

performed at both the_ n80 and the o50 particle size.

To

calculate the t statistic, the chosen particle size in the
bottom half of each sample is subtracted from the correspondj
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TABLE II
Central Tendency and Dispersion of Data

Dao

MEAN
(microns).

0ao

(top)

(bottom)

29.50

29.25

Dso

(top)

Dso

(bottom)

6.2

5.4

VARIANCE
(microns)

o.oo818

0.00911

0.00115

0.000581

STANDARD
DEVIATION
(microns)

2.86

).02

1.07

0.762

COEFFICIENT
OF VARIATION
(percent)

9.7

10.)

17.J

14.1
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value in the top half.

The mean and variance of this group

of differences is calculated.

The mean is then divided by

the square root of the variance divided by the total number
of differences.

The calculated value is the t statistic.

To complete the test, the t statistic is compared to the
critical t value which is taken from tables found in any
textbook on statistics.

If the t statistic is less than the

critical t value at the specified level of significance, the
hypothesis is accepted and the top and bottom halves of each
sample are considered identical.

If the t statistic is

equal to or greater than the critical t value, the hypothesis

is rejected and the top and bottom halves of each sample
are considered significantly different.
The probability a that the t statistic will be equal
to or greater than the critical t value is called the
significance level of the test.

Usually, significance

levels are specified at the start of a statistical test.
In making such a test, two types of errors may be made in
reaching a conclusion.
is a type I error.

False rejection of a hypothesis

False acceptance is a type II error.

If the significance level is set so low that there is a
small probability of a type I error, false rejection,
there is a high probability of a type II error, false
acceptance.

In order to minimize probabilities of both

types of errors, a significance level of five percent was
ch~sen •.

Tables III and IV list the results of the paired t

tests for the n80 and the n50 particle sizes, respectively.
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TABLE III

Results of Paired t Test at the

Hypothesis:

n80

Particle Size

The mean of the differences between the top
and bottom halves of each sample is equal to
zero.

Calculated t = 0.262
Tabled t( a = o.os) = 2.2

Conclusion:

Accept hypothesis, Therefore the top and
bottom halves of each sample are considered
identical,
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TABLE IV

Results of Paired t Test at the

Hypothesis:

Particle Size

The mean of the differences between the top
and bottom halves of each sample is equal to
zero.

Calculated t = ).05
Tabled t( a = 0.05)
Tabled t( a = o.ol)

Conclusion:

n50

= 2.2
= ).1

Reject hypothesis. The top and bottom halves
of each sample are significantly different.
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At the chosen significance level, the paired t test
shows no significant difference between the top and bottom
halves of each sample for the

n80 particle size, but the

test for the

n50

difference.

It is noted that changing the level of sig-

particle size shows a significant

nificance from five to one percent reverses the conclusion

n50

for the

particle size, but the chance of having

committed a type II error, false acceptance, has increased.
The purpose of the F test is to compare the variance
of the data taken from the top halves of the samples against
the variance of the data from the bottom halves.

The

hypothesis to be tested is that no significant difference
exists between independent estimates of the variance.

The

F statistic is calculated as the ratio between the two
variances.

The calculated value is then compared with the

critical value of F at the five percent level of significance.
Tables
and the

v

and VI list the results of the F tests for the

n50

particle sizes, respectively.

n80

Both tests show

there is no significant difference in the variances.

D.

Discussion
The results of the paired t tests show that a small

difference does exists in the particle size distribution
between the top and bottom halves of the samples, but the
tests show the difference exists only along a portion of
the particle size distribution curve.

The F tests shaw

that the variability of observations from the top halves
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TABLE V

Results of F Test at the

Hypothesis:

Particle Size

No significant difference exists between
independent estimates of' the variance for
the top and bottom halves of' the samples.

Calculated
Tabled F( a

Conclusion:

n80

= 1,114
= 0.05) = 2.82
F

Accept hypothesis.
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TABLE VI

Results of F Test at the

Hypothesis:

n50

Particle Size

No significant difference exists between
independent estimates of the variance for
the top and bottom halves of the samples.

Calculated F = 1.973
Tabled F( a = O,OS) = 2,82

Conclusion:

Accept hypothesis.
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of the samples is similar to the variability of observations
from the bottom halves.

This shows that the differences

which do exist between the top and bottom halves of the
samples are not serious.

What the statistical tests fail

to show is the cause of the differences and the effect, if
any, the differences will have on the engineering properties
of the artificially sedimented samples.
An

inspection of Fig. 12 indicates the same results

derived from the statistical tests.

Little separation is

seen near the n80 particle size while a significantly
grea~er

size.

amount of separation is seen near the

n50

particle

This may be explained in part by the fact that the

grain size distribution is more uniform near the n80
particle size than near the

n50

particle size, and the more

uniform the particle size distribution the less chance there
is of a significant amount of segregation occurring.
Fig. 12 indicates that the bottom half of the sample
has slightly more fines than the top half.
characteristic of every sample.

This was

Segregation resulting

from the heavier soil particles settling

down through the

sediment would cause the top half of the sample, rather
than the bottom half, to have more fines.

The only

conclusion is that the slurry reservoir is delivering a
larger percentage of fines toward the beginning of the
sedimentation process than it does tQward the end.
~ppears

that a slight whirlpool

~ffect

stirrers may be causing the bias.

It

produced by the

The centrifugal forces
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produced by the stirring action tends to hold the larger
soil particles to the outside of the reservoir rather than
maintaining a completely homogeneous mixture.

Segregation

from this cause could be reduced and possibly eliminated by
using a more turbulent mixing action and a still larger
slurry reservoir.

Due to the precautions taken when

designing the reservoir, the segregation from the stirrer
action was only slight.

The amount of segregation which did

occur is small enough that it is not expected to significantly
affect the engineering properties of the sedimented samples.
The relation between the particle size distribution of
the silt-clay mixture as used in the slurry and the particle
size distribution of the sedimented samples can be seen by
comparing Figures 7 and 11.

The soil samples have slightly

more fines than the slurry.

This too is caused by the

stirrer action in the slurry reservoir and may be eliminated
by the same measures mentioned above.
As previously mentioned, Rezvan (1969) prepared
"sedimented" sails using as high a water content as
possible but still low enough to prevent segregation from
occurring.

This produced an adequate sample when a dispersed

soil structure was required, but the consistency at which
the slurry was prepared not only prevented segregation from
occurring it also prevented the development of a highly
flocculent structure.

For this reason, it is judged that

the sedimentation process developed in this research will
produce superior samples when a flocculated soil structure
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is required.

When a dispersed soil structure is required,

Rezvan's process is adequate and much quicker than the
artificial sedimentation process.
The hydrometer analyses showed that the apparatus was
sedimenting reasonably uniform and homogeneous samples in
a manner which simulates nature's sedimentation process, but
a significant point is that only the sedimentation process
has been simulated,

The artificially sedimented samples

were consolidated at the normal laboratory strain rate for
sedimented samples which is many times faster than nature's
rate of consolidation,

This rate of consolidation may

destroy interparticle bonds in a flocculent soil structure
and tend to remold the soil.

If the rate of loading is

sufficiently slow so that water molecules can orient in the
vicinty of contact points, the bond strength will be
increased and the most efficient particle arrangement will
be allowed to develop.

Before the laboratory produced

samples can fully duplicate natural samples, a natural rate
of consolidation must also be employed.

Research at Purdue

University has shown that the rate of consolidation has a
definite effect upon the compressibility and bond strength
of a sedimented soil (Leonarda and Ramiah, 1959; Leonarda
and Altschaeffl, 1964).

To what extent other physical

properties will be affected is still unknown.
A technique for applying consolidation loads at rates
similar to those a natural sediment would experience has
been developed at Purdue University and it is described in
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detail in the work of both Raju (1956) and Altschaeffl

(1960).

In their technique, oil siphoned into a load tank

applies a continuously increasing load to the sample.
Using this consolidation technique in conjunction with the
artificial sedimentation apparatus developed in this research
should produce a soil sample with all the characteristics
of a natural soil.
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V.

SUMMARY AND CONCLUSIONS

A review of literature on soil structure and studies
with artificially sedimented soils shows that the structure
of a sedimented soil depends principally upon the salt
content of the pore water and that many of the physical
properties of a soil depend upon its structure.

In addition,

artificially sedimented soils have been shown to have a
"natural" soil structure.
In this research an apparatus was developed which will
automat~cally

content.

sediment soils in

wate~

of controlled salt

Since the apparatll$. was designed to simulate

nature's sedimentation process, the sediment should have
a "natural" soil structure.

To determine whether or not

the apparatus was able to sediment uniform and homogeneous
soil samples, moisture content determinations, visual
inspections, and hydrometer analyses were conducted.
The conclusions from this study area
1.

The void ratio and water content increased
with depth in the sedimented soil.

2.

From five to twenty small pockets of silt,
varying in size up to one-eighth inch in
diameter,

form~d

within each sample sedimented

in fresh water, but they were significantly
reduced in both size and number when sedimentation took place in salt water.

J,

Using the particle size distribution as a
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measure of homogeneity, the apparatus is
capable of repeatedly sedimenting like
samples; and, the degree of segregation of
silt and clay-sized particles occurring
within the sedimented samples is small
enough that it is not expected to significantly affect the engineering properties
of the sedimented samples •

. 4.

The artificial sedimentation apparatus
developed in this study provides a feasible
means of preparing "natural" soil samples
in the laboratory.
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VI.

RECOMMENDATIONS

Much of the time devoted to this research was consumed
in development and building of the artificial sedimentation
apparatus, thus the testing was limited.

The completion of

the apparatus and verification of its ability to sediment
uniform and homogeneous samples has opened doors to an
unlimited amount of future research.

Some of the more

important recommendations regarding future study on
artificially sedimented soils follow:
1.

To complete the simulation of nature's soil
forming process, the fresh sediment formed
by the apparatus should be consolidated in
a manner which simulates natural consolidation.
This can be accomplished by applying the
consolidation load slowly and at a uniform
rate such as would occur in nature.

2.

The extent to which the physical properties
of a natural soil can be reproduced in the
laboratory could be shown by a comparison
of artificially sedimented soils with "undisturbed"
naturally sedimented soils.

3.

A comparison of artificially sedimented soils
with soils prepared from a consistency just
thick enough to prevent segregation would
prove or disprove the necessity for allowing
the soil particles to settle from dilute suspension.
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4.

A study of the effect of soil structure on
different physical properties of a soil would
be facilitated by artificially sedimented
soil.

All types of triaxial tests can be

performed on samples sedimented with the present
apparatus.

By using sedimentation cylinders

with larger diameters, consolidation studies
may also be made,

Consolidation studies could

be made using the present sedimentation cylinders
as consolidometers, but the influence of friction
between the sediment and the wall of the cylinder
would be significantly less if larger diameter
cylinders were used.
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